ABSTRACT Gas exchange characteristics are reported for both members of the sorghum-Striga host-parasite association. Both Striga hermonthica (Del.) Benth and Striga asiatica (L.) Kuntze had transpiration rates considerably in excess of those of sorghum (Sorghum bicolor (L.) Moench, cv CSH1). Stomatal conductance in both Striga spp. showed little response to periods of darkness and moderate water stress. Low rtes of net CO2 fixation and high rates of dark respiration led to no net daily (24 hours) C gan, and Striga would appear to be reliant on its host for photosynthate. Infection of sorghum plants with either S. hermoxthica or S. asiatica reduced host photosynthetic capacity. Infected sorghum plants were also more prone to water stress, but reduced rates of CO2 fixation could not be accounted for in terms of lower stomatal conductance. Lower stomatal conductances were associated with an increase in water use efficiency (WUE) in uninfected sorghum; however, Strigainfected sorghum plants had lower WUE than those of uninfected plants.
Parasitic angiosperms rely on one or more neighboring plants (the host) either partially or totally for the acquisition of water, inorganic and organic solutes. Transfer is achieved via the haustorium, which may be located either above ground (e.g. green leafy mistletoes) or below ground (e.g. Striga) and links the vascular systems of the two plants. Although parasitic angiosperms are present in all habitats, ranging from arctic tundra to hot deserts, the water, carbon and nutritional relations of these plants have, until recently, received relatively little attention.
Following the early work of Hull and Leonard (7, 8) , Ehleringer, Schulze and co-workers (5, 18) have shed light on the principles underlying diversion of host resources to xylem-tapping mistletoes. A common feature is that mistletoe leaves have a Tn' in excess of that of their host, thus favoring the flux of resources to the parasite. Although mistletoes derive water and 'Abbreviations: Tn, transpiration rate; A, rate of CO2 fixation; A, rate of CO2 fixation at saturating PPFD; Ci, concentration of CO2 in substomatal cavity; Gs, stomatal conductance; PPFD, photosynthetic photon flux density; RWC, relative water content; Wd, rate ofdark (night time) respiration; WUE, water use efficiency.
inorganic solutes from their host, they are capable of an independent C supply (5) .
Striga hermonthica and Striga asiatica (Scrophulariaceae) are parasitic on members of the Gramineae. They are the most serious cause of yield reduction in sorghum in the rainfed semiarid tropics (3) . Their low photosynthetic activity compared to autotrophic Scrophulariaceae (12, 19) coupled with the reduction in productivity of host plants (1) , suggests a dependence on host photosynthate. In addition, Striga has only a vestigial root system, making independent uptake of water and inorganic solutes unlikely.
In comparison with autotrophic Scrophulariaceae, Striga has a high Tn and poor stomatal control (19) and may have mechanisms in common with the mistletoes for the withdrawal of host transport fluids.
In this paper we compare the C and H20 relations of sorghum and Striga, and consider: (a) the extent to which Striga is reliant on host photosynthate, (b) the effects of parasitism on host C acquisition, (c) the extent to which Striga employs a high Tn for the diversion of host water and solutes, and (d) the consequences of an additional water sink on the water status of the host.
MATERIALS AND METHODS
Plant Material and Growth Conditions. Sorghum (Sorghum bicolor (L.) Moench cv CSH1) seeds were germinated on moist filter paper, and after 24 h each seed was placed into a 15-cm diameter pot containing 1.6 On d 75 each of the three sorghum treatments was divided into three groups, and each was subjected to a different watering regime: normal water supply (soil constantly moist from twice--GAS EXCHANGE CHARACTERISTICS OF SORGHUM AND STRIGA were made on uninfected sorghum, S. hermonthica-infected sorghum, S. asiatica-infected sorghum, and S. hennonthica during the subsequent 48 h period.
Foliar Gas Exchange Measurements. Transient exchange rates of CO2 and H20 were measured using a portable infra-red gas analysis system (Analytical Development Company (ADC), Hoddesdon, UK; model LCA2). The CO2 partial pressure of air entering and leaving the cuvette and the percent relative humidity in the cuvette were recorded on a data logger (ADC, LCA2), together with air temperature and PPFD. These were later used to calculate A, Ci, Gs, and Tn using the equations described by von Caemmerer and Farquhar (22) . Boundary layer resistances were determined according to Parkinson (11) . Exchange rates were expressed on a leafarea basis. For sorghum, the leaf always filled the cuvette (2.5 cm x 2.5 cm); in the case of Striga, individual leaves were tagged, and the area ofleafenclosed within the cuvette was determined at the end of the experiment using a Li-Cor portable area meter (LI-3000). RWC was calculated from determinations of leaf fresh weight, leaf turgid weight, and leaf dry weight (2). Statistical Analysis. The following function was fitted to the A versus PPFD curves (14) :
where A = flux of C02; Am. = flux of CO2 at saturating PPFD; a = quantum efficiency of chemical process; PPFD = photosynthetic photon flux density; Wd = rate of dark respiration; M = coefficient relating Wd to PPFD. Parameters were fitted using nonlinear least squares regression.
RESULTS
Sorghum plants infected with both S. hermonthica and S. asiatica showed reduced Gs, and fluxes of CO2 into the leaf and H20 to the atmosphere were lower than in uninfected plants (Fig. 1) . The daily (24 h) pattern of CO2 fixation in S. hermonthica and S. asiatica ( Fig. 2 ) mirrored those of sorghum, except that the amplitude of the cycle was much reduced. These data were used to construct A versus PPFD curves (Figs. 3 and 4) . Amax ofsorghum infected with either S. hermonthica or S. asiatica was approximately 30% of that of uninfected control plants ( Table I of the stem and below-ground parts in these estimates would result in a more negative C balance, thus suggesting an absolute requirement of host C for growth.
Infected sorghum plants gained approximately 60% of the C per unit leaf area compared to plants grown in the absence of Striga. This value is reduced to 30% on a per plant basis (Table  II) Figure 5 .
S. hermonthica and S. asiatica have Tn values which greatly exceed those of their host (Table III) , and show little response to darkness (Fig. 2) , maintaining a large and constant flux of H20 to the atmosphere. Droughting, by withholding water, also had a relatively small effect on Gs in S. hermonthica (Fig. 6 ). In sorghum, at a RWC of between 85 and 90%, transpiration had virtually ceased. However, at this RWC in S. hermonthica Tn was in excess of0.5 mmol m-2sI', and complete stomatal closure was not achieved until the leaves had reached approximately 70% RWC. A closer examination of these data (Fig. 7) reveals that withholding water from uninfected sorghum did not result in any reduction in Tn, and only those plants supporting Striga demonstrated a response to the application of water stress.
The WUE of sorghum exceeds that of S. hermonthica and S. asiatica by an order of magnitude (Table III) . The WUE of S. hermonthica-infected sorghum is significantly less than that of the uninfected plants (P < 0.001), although this is not the case for S. asiatica-infected plants. Our measurements for uninfected sorghum show that during stomatal closure the rate of H20 loss is reduced more than that of C gain, leading to an increase in WUE (data not presented). This has been observed elsewhere for sorghum during moderate water stress (15) . Our relationship between Tn and WUE was used to predict WUE in Strigainfected plants from their Tn (Table III) . In both S. hermonthicainfected and S. asiatica-infected sorghum, predicted values of WUE were significantly greater (P < 0.001) than both the respective measured WUE and the WUE of control plants. Thus Table III . Tn, Measured and Predicted WUE in Host and Parasite, for PPFD > 300 Mmol m-2 s-' Predicted WUE for Striga-infected sorghum plants are calculated from Tn, using the relationship between Tn and WUE from uninfected plants.
Means of n measurements and 95% confidence limits are reported. (Although measurements at PPFD > 300 Mmol m-2 s-' were not all at saturatedlight photosynthesis for uninfected plants (Fig. 3) Despite the capacity ofStriga for independent C fixation, rates of Wd lead to a negligible net C gain over 24 h. Thus, the parasite is largely reliant on the host for supply of photosynthate. The low rates of net C fixation in Striga may result from losses concealed by high rates of light respiration and photorespiration. However, measurements of the latter (N. Shah, personal communication) suggest that the ratio of photorespiration to photosynthesis in S. hermonthica is within the range typically found in barley. A more likely explanation of the reduced ability of Striga to fix CO2 results from structural and biochemical modifications in the leaf. Although the ultrastructure of S. hermonthica chloroplasts is normal, the leaves have a poorly differentiated paliside layer and there are relatively low numbers of chloroplasts per cell (20) . There is also evidence to suggest lower concentrations of Chl and lower activities of ribulose bis phosphate carboxylase-oxygenase in Striga compared to autotrophic Scrophulariaceae (12 Mistletoes have also been reported to reduce the photosynthetic capacity of their host, although to a lesser extent than reported here for Striga (4) . The reduced value of A,, reported in Juniperus osteosperma infected with the mistletoe Phoradendronjuniperinum can be accounted for in terms of a reduced Gs (4); mistletoe infection had little effect on the relationship between Ci and A. In addition, mistletoe infection tended to increase WUE in J. osteosperma. These data suggest that, in contrast to Striga, P. juniperinum does not have an effect on C acquisition processes in J. osteosperma, the host.
In this paper we demonstrate that S. hermonthica and S. asiatica reduce photosynthetic capacity in sorghum and in addition predispose the plant to water stress. These modifications, together with loss of resources to the parasite may be responsible for the large effect Striga has on the productivity of sorghum. Both Striga spp. have low rates of CO2 fixation and high Tn. The lack of coupling of Gs to environmental conditions seen in Striga, together with low values of WUE, appear inconsistent with a water conserving strategy often employed for growth during the dry season in the semiarid tropics. As such they are more likely to reflect an adaptation to the parasitic lifestyle. In comparison with another group of parasitic angiosperms, the mistletoes, Striga appears to demonstrate a more extreme form of parasitism, both in terms of its reliance on the host for resources and with regard to its effects on host-plant growth and physiology.
